Introduction
Recently, ionic liquids (ILs) have often been utilized as a novel solvent for extraction and condensation. For instance, several ILs were applied to liquid-liquid extraction for metal complexes 1,2 and biomolecules, 3 which were transferred from the aqueous phase to the IL one. For preconcentration of phthalic acid esters before high performance liquid chromatography (HPLC), imidazolium ILs were used for a solid-phase extraction technique; ester molecules are adsorbed on IL hemimicelles formed on silica surfaces. 4 Moreover, ILwater-acetonitrile ternary mixtures, where acetonitrile was added to reduce the viscosity of IL-water mixtures, were employed as a stationary phase to a countercurrent chromatography (CCC). 5 This revealed that several aromatic compounds can be separated by the CCC using mixtures of ILs and molecular liquids (MLs). Identifying the state of ILs in ML solutions at the molecular level is essential to understand the underlying mechanism of extraction and condensation.
It has been found by many researchers that imidazolium-based ILs aggregate to form micelles in aqueous solutions. [6] [7] [8] [9] [10] Based on thermodynamic parameters, such as excess chemical potentials and excess partial molar enthalpies and entropies, aggregations of 1-butyl-3-methlyimidazolium tetrafluoroborate (BMI + BF4 -) and BMI + iodide (BMI + I -) in aqueous solutions have been discussed. 6 This study revealed that the ILs form clusters in the range of IL mole fraction xIL > ~0. 5 . To observe aggregation behavior of three imidazolium-based ILs: BMI + BF4 -, BMI + Cl -, and 1-octyl-3-methlyimidazolium iodide (OMI   +   I -), in their aqueous solutions, Bowers et al. have made surface tension, conductivity, and SANS measurements. 7 For all the aqueous IL solutions, a break point was found in the IL concentration dependence of surface tension and conductivity. This suggests that the ILs aggregate in aqueous solutions at IL concentrations higher than the break point.
Moreover, aggregation of the ILs was directly demonstrated by SANS measurements on the IL-ML mixtures. Bowers et al. also estimated the mean radii of IL clusters formed in the mixtures from the SANS intensities measured. The critical aggregation concentrations (cac) for the mixtures determined from the three experiments satisfactorily agreed. Aggregation of ILs in imidazolium IL-water mixtures has also been investigated by absorption and fluorescence spectroscopy with Nile Red dye 8 and 1 H NMR chemical shift measurements. 9 Recently, aggregation of BMI + BF4 -in aqueous solutions has been discussed on the basis of the C-H vibration modes for the alkyl groups within imidazolium cation by means of attenuated total reflection infrared and Raman spectroscopy. 10 In contrast to IL-water mixtures, there have been a few reports on aggregation behavior of ILs in nonaqueous molecular liquids. 
BF4
-and BMI + hexafluorophosphate (BMI + PF6 -) in ethanol, acetonitrile, ethyl acetate, tetrahydrofuran, and ethanol-water binary solvent by absorption spectroscopy using N,N-dimethyl-4-nitroaniline as a probe. 11 They showed that the degree of aggregation of ILs in the IL-ML mixtures strongly depends on the dielectric constant of the mixtures. However, aggregation of IL in various MLs has not yet been directly observed by using SANS technique.
In the present investigation, SANS experiments at 298 K have been performed on mixtures of imidazolium-based ILs, EMI + Cland EMI + TFSA -, whose melting points are 360 K 12 and 247 K, 13 respectively, with water, methanol, acetonitrile, and benzene, to 
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Sample solutions
For SANS experiments, EMI + Cl -solutions were prepared by dissolving crystal EMI + Cl -in D2O, CD3OD, and CD3CN at required ML mole fractions xML. EMI + TFSA -solutions of CD3OD, CD3CN, and C6D6 were made up by weighing both IL and ML at required xML. However, sample solutions of EMI + Cl --benzene and EMI + TFSA --water were not prepared because of the limit of the solubility for ILs. All sample solutions were prepared under dry nitrogen atmosphere in a glove-box to avoid moisture and replacement of D atoms of heavy water and deuterated methanol with H ones. Densities of sample solutions were measured at 298 K with an electronic densimeter (ANTON Paar K. G., DMA60 and DMA602) for analysis of SANS data. The composition of the sample solutions prepared for the SANS experiments is listed in Table 1 solutions of CD3OD, CD3CN, and C6D6 by using the SANS-U spectrometer installed at reactor JRR-3M in the Japan Atomic Energy Agency (JAEA), Tokai, Japan. The sample solutions were kept in a quartz cell of 10 mm in width, 40 mm in height, and 2 mm in sample thickness, and their temperature was controlled within ±0.1 K during the measurements by circulation of thermostated water around a sample chamber. Two camera lengths, with 1 and 4 m between the sample and detector positions, were employed to cover the momentum transfer Q (= 4pl -1 sin q) ranges of 0.035 -0.35 and 8 ¥ 10 -3 -0.1 Å -1 , respectively. 15, 16 The sample solutions were exposed to neutron beams, whose wavelength l was 7 Å and whose size was 7 mm in diameter at the sample position, for 10 min and 1 h at the camera lengths 1 and 4 m, respectively. However, the quality of the SANS data below 0.09 Å -1 was poor, thus, the data in the Qrange from 0.09 to 0.35 Å -1 were used for a quantitative analysis. The transmission by a sample and a cell was measured with a 3 He detector placed at a beam stopper position. The observed intensities were corrected for background by subtraction of intensities of an empty cell, and then normalized by dividing the intensities for each sample solution by those for a low density polyethylene, F200-0, as a standard material. 15, 16 The incoherent scattering was subtracted from the normalized intensities obtained. All parameter values required for the above corrections were taken from the literature. 17 
H NMR spectroscopy
1 H NMR spectra for the EMI + Cl --CH3CN and EMI + TFSA --CH3OH mixtures have been measured at 298 ± 0.1 K using an FT-NMR spectrometer (JEOL, JNM-AL300). The temperature of the sample solutions was kept constant during measurements by mixtures of hot air and a dry nitrogen stream generated from liquid nitrogen. The resolution of 1 H NMR was ±0.0012 ppm. An external double reference tube (Shigemi), which has a capillary shape with a blown-up sphere at the end, was inserted into the sample tube (Shigemi, PS-001 super precision). Hexamethyldisiloxane (HMDS) (Wako Pure Chemicals, the first grade) was used as a reference substance for 1 H. The observed chemical shifts were corrected for the volume magnetic susceptibility of a sample solution based on an external double reference method as described below. [18] [19] [20] [21] A couple of NMR signals with the chemical shift Ddref/ppm is obtained for the reference substance. The chemical shift is related to the volume magnetic susceptibility of the sample liquid cs and the reference substance cr, as
where k denotes the shape factor for the reference tube. The k value has been determined in advance of sample measurements from the Ddref data for CDCl3, (CD3)2SO, C6D12, C6D6, and (CD3)2CO measured at 298 K, as their cs values are available from the literature. 18 Hence, the observed chemical shift dobs measured at 298 K is corrected for the diamagnetic effect as dcorr = dobs -(4p/3)(cs -cr)¥ 10 6 = dobs -(4p/3k)Ddref (2) where the dobs value is the shift from the reference signal in a capillary. 
Results and Discussion
SANS experiments
In Fig. 1a , the normalized neutron scattering intensities Icorr(Q) for the EMI 
Cl
--CD3OD mixtures at methanol mole fractions xCD3OD = 0.6, 0.8, 0.9, and 0.95 reveal that EMI + Cl -is also homogeneously dissolved in methanol. This is mainly caused by strong solvation of chloride ions by water and methanol molecules due to their high electron-acceptability, as shown by the Mayer-Gutmann's acceptor numbers (AN = 54.8 and 41.3, respectively). 22 Additionally, water and methanol molecules may interact with the hydrogen atoms of the imidazolium ring by hydrogen bonding because of the high electron-donicity, as indicated by Gutmann's donor numbers (DN = 18.0 and 19.0, respectively). 22 As shown in Fig. 1c , the SANS intensities for the EMI + Cl --CD3CN mixtures at acetonitrile mole fractions xCD3CN = 0.8 and 0.9 are clearly observed, whereas those for the mixture at xCD3CN = 0.6 scarcely appear. When the mole fraction increases to 0.95, the SANS intensities for the mixture decrease. The features of the SANS spectra suggest that EMI + Cl -is not homogeneously dissolved in acetonitrile; EMI + Cl -forms clusters in the mixtures when the xCD3CN reaches 0.8, the aggregation of the ILs in the mixture at xCD3CN = 0.9 is most enhanced among the mole fractions studied, and then, the aggregation is reduced again at xCD3CN = 0.95. This is because acetonitrile molecules weakly interact with chloride ions by the ion-dipole interactions due to the large dipole moment (13.06 ¥ 10 -30 C m) rather than the low electron-acceptability (AN = 19.3). 22 Furthermore, acetonitrile molecules cannot easily form hydrogen bonds with EMI + because of the low electron-donicity (DN = 14.1). 22 In the weak solvent of acetonitrile, thus, EMI + and Cl -interact with each other to form clusters by both charge-charge interaction and hydrogen bonds. [23] [24] [25] [26] [27] On the other hand, acetonitrile molecules aggregate with themselves by the dipole-dipole interactions among them to form clusters in the mixtures. 28 To quantitatively clarify aggregation of EMI + Cl -in the three systems, the Ornstein-Zernike fits were made on the scattering intensities through
where I0 represents the scattering intensities at Q = 0, x is the Ornstein-Zernike correlation length, which gives the mean distance among clusters of deuterated ML molecules, and B.G. is background intensities. The solid lines in Fig. 1 indicate the results of least-squares fits using Eq. -CD3CN mixtures, respectively, in the xML range from 0.4 to 0.95, which corresponds to the volume fraction range from ~10 to ~80%. The SANS intensities for the former at xCD3OD = 0.8, 0.9, and 0.95 are significant, while those for the latter at all the mole fractions are scarcely observed.
Thus, aggregation of EMI + TFSA -takes place in the methanol solutions, but does not in the acetonitrile solutions. The results for the EMI + TFSAsystems are opposite to those for the EMI + Cl -systems. The negative charge of TFSA -distributes over the O2S-N-SO2 moiety, i.e., the charge density of TFSA -is much lower than that of chloride ion. Thus, methanol molecules cannot strongly interact with TFSA -. In the EMI + TFSA --methanol mixtures, methanol molecules prefer to aggregate with themselves by hydrogen bonding, and TFSA -interact with EMI + to form clusters by the charge-charge interactions. The correlation lengths x for the EMI + TFSA --CD3OD mixtures estimated from the Ornstein-Zernike fits are summarized in Table 2 . In the methanol solution at xCD3OD = 0.9, aggregation of EMI + TFSA -is most enhanced in the mole fraction range studied, and methanol molecules form clusters with the distance ~6 Å among them. On the contrary, acetonitrile molecules interact with both EMI + and TFSA -by ion-dipole interaction. In particular, the dipoledipole interaction may easily act between acetonitrile molecule and the C1 conformer of TFSA -, where the two CF3 groups are set to the cis position with respect to the O2S-N-SO2 moiety, due to the large dipole moment (15 ¥ 10 -30 C m) of the conformer, as estimated in the previous DFT study. 29 Thus, EMI + , TFSA -, and acetonitrile molecules are homogeneously mixed over the entire mole fraction range. 
TFSA
-is homogeneously mixed with benzene at the mole fractions. On the other hand, the SANS intensities for the mixture at xC6D6 = 0.7 are only slightly observed, though the x value could not be determined with high reliability. Results reveal that the heterogeneity of the mixture rises at xC6D6 = 0.7 because the mole fraction is close to the limit of the solubility. As shown in the previous investigations on mixtures of imidazolium-based ILs and benzene, [30] [31] [32] [33] the benzene molecules interact with the imidazolium rings by the p-p interaction. In addition, the crystal structure of EMI + TFSA --benzene mixtures previously reported has shown some hydrogen bonds between the oxygen atoms of TFSA -and the hydrogens of benzene molecule. 33 Hence, these interactions lead to homogeneous mixtures of benzene and EMI + TFSA -. However, EMI + TFSA -and benzene are not miscible with each other at mole fractions higher than xC6D6 ª 0.75. This is consistent with the fact that one imidazolium ring and two benzene molecules form a sandwich structure with the p-p interaction, as observed in dimethylimidazolium (DMI + ) PF6
--benzene mixture. 30 Thus, benzene molecules will not be easily accepted into EMI + TFSAbeyond the molar ratio of IL to benzene 1:2, which corresponds to xC6D6 = 0.67.
H NMR chemical shift
The mole fraction dependence of the 1 H chemical shifts for the hydrogen atoms within EMI + (see Fig. 3 for numbering H atoms) in the EMI + Cl --CH3CN and EMI + TFSA --CH3OH mixtures is depicted in Figs. 4 and 5, respectively. As seen in the figures, a break point clearly appears at xML ª 0.8. The break point is attributable to the formation of IL clusters in the mixtures at xML ≥ ~0.8. Figure 4 indicates that the NMR data for the hydrogen atoms H2, H4, and H5 of the imidazolium ring in the EMI + Cl --CH3CN mixtures change with increasing xCH3CN more than those for H6, H7, and H8 of the alkyl groups. The NMR features may arise mainly from the hydrogen bonds between the ring hydrogens and the chloride ions. The crystal X-ray diffraction and molecular vibration studies have shown the hydrogen bonds between the ring hydrogens and halide ions in 1-alkyl-3-methlyimidazolium halide, such as BMI + Cl -. [23] [24] [25] [26] Additionally, the neutron diffraction investigation with empirical potential structure refinement has revealed that the hydrogen bonds between the ring hydrogens and chloride ions are formed even in the liquid state of DMI + Cl -. 27 In the EMI + Cl --CH3CN mixtures below the break point xCH3CN < ~0.8, the inherent structure of EMI + Cl -may be kept even in the solutions because of the hydrogen bonds between cations and anions. Hence, the NMR data moderately change with the increase in the ML mole fraction. When the xCH3CN rises beyond ~0.8, the inherent structure of the IL is gradually disrupted in the mixtures, and both IL and ML clusters are formed. Thus, the hydrogen bonds between the ring hydrogens and chloride ions weaken, leading to the significant high field shifts of the NMR signals. Figure 4 also shows that the changes in the chemical shifts of H4 and H5 with mole fraction are more remarkable than that of H2. The hydrogen bonds between H4 or H5 and chloride ions more easily weaken with increasing acetonitrile mole fraction than that for H2 because the charge of H4 and H5 is less positive than that of H2. 26, 27 Figure 5 shows that the NMR data for the EMI + TFSA --CH3OH mixtures shift to a low magnetic field with increasing xML, while those for the EMI + Cl --CH3CN mixtures change to a high field. In accordance with the crystal structure of EMI + TFSA -studied by X-ray diffraction, the SO2 moieties of TFSA -are located on a plane involving the imidazolium rings to form the S=O·H-C hydrogen bonds with the ring hydrogens. 13 However, our recent investigation on the liquid structure of EMI + TFSA -by using X-ray diffraction, molecular dynamics simulation, and NMR techniques has shown that EMI + is surrounded by four TFSA -with the distance ~6 Å between cation and anion, but the hydrogen bonds between the ring hydrogens and the SO2 moieties are broken down in the liquid. 34 Thus, the low field shifts of the NMR data for the EMI + TFSA --CH3OH mixtures may result from the change in the interaction between the ring hydrogens and methanol molecules with increasing xCH3OH. In the mixtures at xCH3OH < ~0.7, the inherent structure of EMI + TFSA -created by the charge-charge interaction between cation and anion predominates, and methanol molecules may not remarkably interact with the hydrogen atoms of the imidazolium ring. Thus, the NMR data for H2, H4, and H5 moderately shift with increasing xCH3OH. When methanol molecules increase beyond xCH3OH ª 0.7, EMI + TFSA -and methanol molecules begin to form their respective clusters, and methanol molecules may interact with the ring hydrogens of EMI + by hydrogen bonding. Thus, the NMR data for H2, H4, and H5 significantly shift to the low field with increasing xCH3OH. In particular, the shift for the H2 atom with xCH3OH is most significant among the hydrogens due to having the highest positive charge.
